The thermo-neutrophilic hydrogen-oxidizing bacterium Hydrogenobacter thermophilus constitutively oxidizes thiosulfate. Soluble extracts of it showed temperature-dependent thiosulfate oxidation activity with an optimum at 60 C. A gene cluster for sox (sulfur oxidation) is presumably responsible for this activity. Among the cluster, two tandemly coded soxA genes were uniquely found. These results suggest that the Sox system is widespread even in thermo-neutrophilic environments.
It sounds plausible that sulfur-oxidizing microorganisms thrive in acidic environments, because sulfur oxidation often results in sulfate production. Enigmatically, however, some neutrophilic Gram-negative bacteria can also oxidize reduced forms of inorganic sulfur compound to produce sulfate. The Sox (sulfur oxidation) system appears to be responsible for neutrophilic thiosulfate (one form of sulfur compound) oxidation. Examples are mesophilic Paracoccus pantotrophus and Rhodovulum sulfidophilum, 1, 2) and moderately thermophilic bacteria such as Hydrogenophilus thermoluteolus.
3) Biochemical studies have been carried out on these bacteria, whose sox gene products are in the periplasms as soluble multiple enzyme complexes.
In contrast, no biochemical study of the Sox system of extreme thermophiles growing over 70 C has been carried out in detail. For most of these, only genome sequences are available. 4, 5) Here we report on the thiosulfate oxidation of Hydrogenobacter thermophilus strain TK-6 and its sox genes as compared with ones described for other bacteria.
H. thermophilus belongs to the Aquificaceae family and has been extensively characterized as a thermoneutrophilic hydrogen-oxidizing bacterium. [6] [7] [8] In addition, H. thermophilus cells have been reported to oxidize thiosulfate to produce sulfate, and the enzymes needed for the thiosulfate oxidation appear to be inducible. 9) However, we found that the pH of liquid culture medium of H 2 -grown H. thermophilus cells in an inorganic medium 8) suddenly decreased upon incubation of H. thermophilus cells with 20 mM sodium thiosulfate but without H 2 . This is an indication of constitutive expression of the enzymes responsible for thiosulfate oxidation producing sulfate, and this is inconsistent with previous findings.
To address this problem, we examined to determine whether soluble extracts derived from H 2 -grown H. thermophilus cells have thiosulfate oxidizing activity. Soluble extracts were prepared by disruption of H 2 -grown H. thermophilus cells with a French pressure cell, followed by ultracentrifugation. The resulting soluble extracts were then dialyzed against 50 mM citrate phosphate buffer (pH 7.0) for in vitro thiosulfate oxidation activity assay, as described previously, using equine heart ferricytochrome c (Sigma) as a substitute electron acceptor. 3) We observed the thiosulfate oxidizing activity of H 2 -grown H. thermophilus intact soluble extracts, whereas the boiled extracts did not exhibit activity. Hence, we concluded that thiosulfate oxidizing enzymes are constitutive in H. thermophilus. There is presently no explanation for previous findings 9) suggesting inducible expression of thiosulfate oxidizing enzymes. Using H 2 -grown H. thermophilus soluble extracts, temperature-dependent thiosulfate oxidation activity assay was carried out at 30-70 C at intervals of 10 C. The activity was dependent on the reaction temperature; it increased as the temperature increased and reached a peak at 60 C (Fig. 1A) . The temperature giving this maximal activity was lower than that obtained for nitrite reductase of H. thermophilus.
10) It is likely that the enzyme responsible for the thiosulfate oxidation of H. thermophilus forms a multiple enzyme complex, which might be dissociated at over 70 C in vitro. The nitrite reductase consists of a single protein, and hence is stable against heat, exhibiting maximal enzyme activity at about 70 C. 10) The apparently reduced thiosulfate oxidation activity at 70 C as compared with that at 60 C is not due to denaturation of equine heart ferricytochrome c, because this artificial electron acceptor is stable up to 80 C at pH 7.0.
11)
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C for 30 min, and then subjected to thiosulfate oxidation assay at 60 C in the way described above. Residual thiosulfate oxidation activity was significantly the same after heat treatment from 10 to 60 C (Fig. 1B) . Although the enzymatic reaction at 70 C showed significantly lower activity than at 60 C (Fig. 1A) , the residual activity after the 70 C treatment was still obvious, and was comparable to that obtained after the 60 C heat treatment (Fig. 1B) . These results indicate again that the thiosulfate oxidizing enzyme consists of a multiple enzyme complex, being separate at 70 C in vitro and thus showing lower activity (Fig. 1A) , but each component is stable enough against 70 C treatment to recover the active complex at 60 C (Fig. 1B) . Heat treatment at over 90 C caused significant loss of activity (Fig. 1B) , perhaps due to irreversible denaturation of critical components responsible for thiosulfate oxidation.
Although we have not identified the thiosulfate oxidizing enzymes in H. thermophilus, genome sequencing analysis of it has been completed (DDBJ accession no. AP011112). In it there are two sets of putative genes for sulfur compound oxidizing enzymes. One is sulfide:quinone oxidoreductase (Sqr), and the other is Sox. The latter is a candidate enzyme for the thiosulfate oxidation of H 2 -grown H. thermophilus cells and its soluble extracts, because Sqr often associates with the membrane and apparently does not have oxidation activity for thiosulfate as a substrate. 12) In addition, microarray analysis revealed that the sox genes were sufficiently expressed in the H 2 -grown H. thermophilus cells (unpublished observation), further indicating the presence of Sox proteins as thiosulfate oxidizing enzymes.
H. thermophilus has five sox genes (soxYZAXB) in its chromosomal DNA ( Fig. 2A) , whose gene products are known to be core components for the Sox system, as determined for mesophilic P. pantotrophus. 13) These genes form a single cluster, as observed in some other sulfur-oxidizing bacteria. The gene organization of H. thermophilus sox was most similar to those of other genera of the Aquificaceae family, such as Aquifex and Hydrogenivirga. The unique feature of H. thermophilus sox gene organization was that two soxA genes (denoted here soxA1 and soxA2) were tandemly coded in the order soxY, soxZ, soxA1, soxA2, soxX, and soxB.
The amino acid sequences deduced from the soxA1 and soxA2 genes showed identity of 87.3% within their putative mature parts (Fig. 2B) . A phylogenetic tree was constructed using deduced amino acid sequences of H. thermophilus SoxA1 and SoxA2, forming a branch along with the A. aeolicus and Hydrogenivirga SoxA proteins (Fig. 2C) . This branch was clearly separated from those of the other phyla. These sequence comparisons indicate that the soxA1 and soxA2 genes are generated through gene duplication after the divergence of the Hydrogenobacter and Aquifex genera within the Aquificaceae family. 14) In summary, our present results represent the first case of temperature-dependent thiosulfate oxidation activity and its residual activity after heat treatment by soluble extracts of thermo-neutrophilic bacteria. The candidate enzyme responsible for the H. thermophilus thiosulfate oxidation is the Sox system, as predicted by its genome analysis. However, it should be noted that thiosulfate might be oxidized by unknown enzymes, other than the Sox system. As a future project, direct correlation between enzymatic activity and genome information should be proved for H. thermophilus. In addition, the significance of the two soxA genes is of interest.
It is well known that thermo-acidophiles play important biotechnological roles, especially in the bioleaching of metal sulfide ore, and hence are extensively studied from the aspects of microbiology and biotechnology. 15) In contrast, little is known of thermo-neutrophilic sulfur metabolism. However, at high temperature and neutral pH, H. thermophilus can oxidize thiosulfate, suggesting the widespread presence of sulfur oxidizers in the environment and potential application to the metal bioleaching at neutral pH.
